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Abstract  
 
This article proposes a chattering-free sliding mode control scheme with unidirectional auxiliary surfaces 
(UAS-SMC) for small miniature autonomous helicopters (Trex 250). The proposed UAS-SMC scheme 
consists of a nested sequence of rotor dynamics, angular rate, Euler angle, velocity and position loops. It 
is demonstrated that the UAS-SMC strategy can eliminated the chattering phenomenon exhibiting in the 
convenient SMC method and achieve a better approaching quality. The proposed control strategy is 
implemented on the helicopter and flight tests clearly demonstrate that a much better performance could 
be achieved, compared with convenient SMC schemes. 
Keywords Unmanned aircraft; approaching quality; flight control; sliding mode control; helicopter; 
chattering 
Paper type  
Research paper   
1. Introduction 
Sling mode control (SMC) has long been recognized as a robust method against 
uncertainty and external disturbances. Many elaborate works in this area have been 
presented in the literature (Gao, 1996; Bartibkubu et al., 1995; Wei et al., 2008; Michael 
et al., 2008). In general, a conventional sliding mode control scheme is designed in such 
a way that stat trajectories are forced to approaching pre-specified sliding surfaces. A 
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discontinuous control is designed to achieve approaching quality in the conventional 
SMC. However, the drawback of this strategy is the chattering problem which may 
significantly degrades the performance and may even lead to instability. 
To preserving the main advantages of the conventional SMC, two most widely known 
methods, namely higher order SMC and SMC with boundary layers have been proposed 
to alleviate the chattering phenomenon. The proposed strategies successfully eliminate 
the chattering phenomenon but they also bring weakness with them. It is quite difficult to 
use the higher order SMC when a significant level of noise is present since the derivative 
terms may be required from the measurements (Chen et al., 2002; Lei et al., 2010; 
Allamehzadeh and Cheung, 2003). The SMC with boundary layers is essentially a kind of 
quasi-sliding mode control methods (Francesco and Antonella, 2009; A. Gaaloul and F. 
M’ Sahli, 2009) where the discontinuous control activity is replaced by a continuous 
control effort inside a pre-defined boundary layer around the switching surfaces. 
Consequently, its robust performance would inevitably be deteriorated with this 
augmented boundary-layer (Yang et al., 2008). 
In general, the higher order SMC and SMC with boundary layers are focused on the 
chattering problem on the switching surfaces. This paper aims to show that UAS-SMC 
strategy (Fu et al., 2011b) could eliminate the chattering without pay the price on the 
approaching quality. The proposed control scheme is designed to tailor the physical 
structure of the helicopter dynamics. The autonomous flight control problem for a 
helicopter is divided in several channels, each of which enjoys a cascade structure from 
the inner loops to the outer loops. The proposed UAS-SMC has been used to design the 
controller for each subsystem in a sequential manner. This results a cascade UAS-SMC 
control structure. The proposed control scheme is tested in a dedicated, real flight test 
environment, together with a conventional SMC scheme. The work presented here is an 
extension of the work in (Fu et al., 2011a) with an emphasis on chattering behaviour and 
approaching quality. The rest of this paper is designed as follow: Section 2 contains the 
analysis of the UAS-SMC and conventional SMC strategies. Section 3 explains the 
design of the UAS-SMC for helicopters and the experimental environment and setting, 
whiles Section 4 givens experimental results and the analysis. Finally, this paper is closed 
with conclusions in Section 5. 
 
2. UAS-SMC and Conventional Sliding Mode 
2.1.  Conventional sliding mode 
Consider the system in Equation (1) 
 ( ) ( )X f X g X u= + . (1) 
where ( ) nf X R∈ , ( ) n ng X R ×∈  is an invertible matrix, the elements in ( )f X and ( )g X
are continuous, [ ]1, ,
T n
nX x x R= ∈ is the system states and 
nu R∈ is control input. For 
the sake of clarity, Equation (1) is chosen to show the difference between the 
conventional SMC and UAS-SMC. Actually, UAS-SMC is applicable to systems with 
the number of control inputs less than that of states. But this will significantly increase 
the complexity in our discussion (Fu et al., 2011c). 
Figure 1 here 
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The formula of stable switching surface , 1, ,iS i n=    shown in Figure 1 is given as 
follow: 
 i i i iS x x dtω= + ∫ . (2) 
State trajectory ix is forced to approaching the switching surface iS  by the approaching 
law in Equation.(3).  
 ( )i i iS K sign S= − ⋅ . (3) 
where 0iK > . 
Based on the approaching law in Equation.(3), the conventional sliding mode control 
for system (1) can be expressed as follow: 
 1( )( ( ) ( ))u g X f X X K sign Sω−= − − ⋅ − ⋅  (4) 
where 
[ ]1 1 1{ , , }, { , , }, ( ) ( ), , ( )
T
n n ndiag K diag K K sign S sign S sign Sω ω ω= = =  
 
Since the approaching law ( )K sign S⋅  in Equation (4) is a discontinuous function, 
the control input u may become discontinuous. To avoid this situation, a smooth function 
( )K sat S⋅ is used to replace the switching function ( )K sign S⋅  where
[ ]1( ) ( ), , ( )
T
nsat S sat S sat S=  . ( )isat S is the saturation function of iS as given in 
Equation(5). 
   
1 1
( ) 1 1
i
i i
i
S
sat S S
S others
>
= − < −


 (5) 
In this paper, the approaching quality means the approaching speed and the ability to 
against the disturbance in the approaching process. Hence, the approaching law 
( )i iK sat S⋅ is used to express the approaching quality for conventional sliding mode 
strategy. If function ( ) 0i iK sat S⋅ = , it implies that the approaching quality is low. To 
avoid confusion, the sign of approaching law is removed. Thus, we obtained function 
( )i i iN K sat S= ⋅  to show the approaching quality with chattering-free conventional 
sliding mode control.  The symbol  ⋅  means the absolute value. Higher value in iN
implies that the control can against more disturbance in the approaching process. The 
value of function iN  for the switching surface iS in conventional sliding mode control is 
shown as follow.  
Figure 2 here 
The value of function iN in state space ( , )i ix x∫ is shown in Figure 2. It is noted that 
the function 0iN = when state ix is sliding on the switching surface iS  (The grayscale 
is used to show the value of function iN for each point in state space. A white point 
means its corresponding value is zero). Hence, the approaching quality on the switching 
surface is low. This is the main problem in the conventional sliding mode strategy. The 
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approaching quality is high when a switching function is used in the control law. But this 
introduces the chattering phenomenon. In contrast, when a smooth function is used to 
replace the switching function, the approaching quality is low (J,J. Slotine et al.,1983; 
Yigeng et al.,2010).  
2.2.  UAS-SMC  
Figure 3 here 
The schematic of UAS-SMC strategy is shown in Figure 3, where the state trajectories 
are forced to approaching the stable switching surfaces 1 ,iS  2iS  with unidirectional 
auxiliary surfaces defined by 0 1 2 3, , , 0i i i iH H H H = where     
 1 1 2 2 1 2; ;i i i i i i i i i iS x x S x xξ ξ ξ ξ= + = + ≠∫ ∫   
 1 2 , 0, 0,1, 2,3ki ki i ki i ki kiH x x M M kω ω= + + > =∫  (6) 
The detailed design and analysis process of 1 2 0 1 2 3, , , ,i i i i i iS S H H H H  can be found in 
Fu et al. (2011b). 
To achieve the UAS-SMC controller, the currently unidirectional auxiliary surface 
iH  is defined as follow: 
 1 2i i i i i iH x x Mω ω= + +∫  (7) 
where 
0 1
1 1
1
2 1
3 1
.0
.1
.2
.3
i i
i i
i
i i
i i
in No subspace
in No subspace
in No subspace
in No subspace
ω
ω
ω
ω
ω


= 


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i i
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i i
i i
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0
1
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3
.0
.1
.2
.3
i i
i i
i
i i
i i
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M
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
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= 


 
Then, the state trajectory ix  is forced to approaching the switching surfaces 1 2,i iS S
by Equation (8)  
 1 2i i i i i iH x x Nω ω= + =   (8) 
where 0iN ≥  is the approaching law for switching surfaces 1 2,i iS S . Since the iN is a 
positive value, it is directly used to show the approaching quality in UAS-SMC strategy. 
Define [ ]1, , , ,
T
i nN N N N=   , the UAS-SMC control for system (1) can be 
expressed as follow: 
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 1 1 11 1 2( )( ( ) )u g X f X N X
− − −= − +Ω ⋅ −Ω ⋅Ω ⋅  (9) 
where 1 11 1 1 2 12 2 2{ , , , , }, { , , , , }i n i ndiag diagω ω ω ω ω ωΩ = Ω =       
Since the elements in ( )f X and ( )g X are continuous, the control u  would become 
continuous function if the continuity of 1 11 1 2N X
− −Ω ⋅ −Ω ⋅Ω ⋅ is guaranteed. From 
previous discussion, it is noted that 
 1 1 1 1 1 11 1 2 11 1 11 12 1 1 1 2, ,
T
n n n n nN X N x N xω ω ω ω ω ω
− − − − − − Ω ⋅ −Ω ⋅Ω ⋅ = − −   (10) 
Take the element 1 11 1 2 , 1, ,i i i i iN x i nω ω ω
− −− =   in Equation (10) as an example, 
the discussion is given as follow:   
When state ix is moving in No. 0i subspace, from Equation (7) it is noted that  
 1 1 1 11 1 2 0 1 0 0 1 0 2( )i i i i i i i i i i iN x N x xω ω ω ω ω ω
− − − −⋅ − ⋅ ⋅ = ⋅ − ⋅ ⋅  (11) 
where 0 ( )i iN x means the continuous function of  approaching law iN  in No. 0i 
subspace. When state ix is sliding on switching surface 2iS , there exists 0 0( )i i iN x N +=  
as shown in Figure 4. Meanwhile, when state ix is moving on switching surface 1iS , 
there exists 0 0( )i i iN x N −= . As the approaching law iN is a function, not a constant 
value, different parameters can be selected in different subspaces as long as they have 
positive values.  
When state ix is moving in No. 1i subspace, from Equation (7) it is noted that  
 1 1 1 11 1 2 1 1 1 1 1 1 2( )i i i i i i i i i i iN x N x xω ω ω ω ω ω
− − − −⋅ − ⋅ ⋅ = ⋅ − ⋅ ⋅  (12) 
where 1 ( )i iN x means the continuous function of  approaching law iN  in No. 1i 
subspace. When state ix is sliding on switching surface 2iS , there exists 1 1( )i i iN x N −=  
as shown in Figure 4. Meanwhile, when state ix is moving on switching surface 1iS , 
there exists 1 1( )i i iN x N += . 
From Equation (11) and Equation (12), there may exist 0 10, 0i iN N+ −≥ ≥  satisfied 
Equation (13) when state ix is sliding on the switching surface 2iS  between No. 0i 
subspace and No. 1i subspace.  
 1 1 1 10 1 0 0 1 0 2 1 1 1 1 1 1 2i i i i i i i i i iN x N xω ω ω ω ω ω
− − − −
+ −⋅ − ⋅ ⋅ = ⋅ − ⋅ ⋅  (13) 
Similar situations can be found in No. 2i and No. 3i subspace. For the sake of simplicity, 
the sufficient conditions for the existence of 0iN + and 1iN −  satisfying Equation (13) will 
not be discussed in this paper.   
Figure 4 here 
Analogously, we obtain the approaching law 0 0 1 1 2 2, , , , , ,i i i i i iN N N N N N+ − + − + −  
3 3,i iN N+ − in Figure 4 which guarantee the continuity of element 
1 1
1 1 2i i i i iN xω ω ω
− −−  
, 1, ,i n=  in Equation (10) on the switching surfaces 1 2,i iS S as shown in Figure 4. It 
is noted that the approaching law iN could be designed as follow:  
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0
1
2
3
( ) .0
( ) .1
( ) .2
( ) .3
i i i i
i i i i
i
i i i i
i i i i
N x when x in No subsapce
N x when x in No subsapce
N
N x when x in No subsapce
N x when x in No subsapce


= 


 (14) 
where functions 0 1 2i 3( ), ( ), ( ), ( )i i i i i i iN x N x N x N x are continuous in the subspaces.  
From Equation (7), it is noted that the coefficients 1 2,i iω ω are constant values when 
state ix is moving in the subspaces. This, together with the fact that the robust function 
iN is a continuous function in the subspaces, implies the terms 1 1
1 1 2 , 1, ,i i i i iN x i nω ω ω
− −− =  in Equation (10) are also continuous in the subspaces. 
Based on the previous discussion, the elements 1 11 1 2 , 1, ,i i i i iN x i nω ω ω
− −− =  in 
Equation (10) are continuous both in the subspaces and on the switching surfaces 1 2,i iS S
. Thus, the elements in vector 1 11 1 2N X
− −Ω ⋅ −Ω ⋅Ω ⋅ are continuous. Invoking this fact 
into Equation (9) and taking into account that the elements in ( )f X and ( )g X are 
continuous, one concludes the continuity of control u . The chattering phenomenon is 
caused by the discontinuous control input. Hence, the control u in Equation (9) can be 
considered as a chattering-free UAS-SMC with approaching law  
[ ]1, , , ,
T
i nN N N N=    
The value of approaching law iN  for the switching surface 1 2,i iS S in chattering-free 
UAS-SMC is shown as follow. 
Figure 5 here 
Comparing Figure 2 and Figure 5, it is noted that the value of robust function iN is 
zero in Figure 5 when state ix  stays on the original point (The grayscale is used to show 
the value of function iN for each point in state space. The while point means the value is 
zero). When the state trajectory is sliding on the switching surfaces 1 2,i iS S with 
chattering-free UAS-SMC control, the value of approaching law is not zero (The points 
are not white, except the original point). Hence, the chattering problem around the 
switching surfaces is transformed into the problem around the original point.  
 
3.  SMC for helicopters 
3.1. Trex-250 helicopter  
The Trex-250 helicopter used in this paper is shown in Figure 6. It is a small sized 
helicopter with the main rotor diameter of 460mm and the trail rotor diameter of 108mm. 
The belt-driven tail and collective pitch rotor make is capable of 3D maneuvers such as 
inverted flight. It means that it is well-suited for indoor flight test. 
Figure 6 here 
The nested controller is developed with mathematical model obtained from Liu et al. 
(2010a). For the application to Trex-250, we use differential equations as given in 
Equation (15)-(20). It is obviously that these equations can fall into five different loops, 
which are position loop (15); velocity loop (16); Euler angle loop (17); angular rate loop 
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(18); and rotor dynamic loop (19). According to these loops, a nested controller is 
proposed. The detail information of math model is expressed as follow. 
 
(cos cos ) (sin sin cos cos sin )
(cos sin cos sin sin )
x u v
w
θ ψ ϕ θ ψ ϕ ψ
ϕ θ ψ ϕ ψ
= ⋅ ⋅ + ⋅ ⋅ − +
+

  
 
(cos sin ) (sin sin sin cos cos )
(cos sin sin sin cos )
y u v
w
θ ψ ϕ θ ψ ϕ ψ
ϕ θ ψ ϕ ψ
= ⋅ ⋅ + ⋅ ⋅ + +
−

  
 (sin ) (sin cos ) (cos cos )z u v wθ ϕ θ ϕ θ= − ⋅ + ⋅ + ⋅  (15) 
 sin ( / )uu v r w q g X u T m aθ= ⋅ − ⋅ − ⋅ + ⋅ + ⋅   
 cos sin ( / )vv w p u r g Y v T m bθ ϕ= ⋅ − ⋅ + ⋅ ⋅ + ⋅ + ⋅   
 cos cos /w u q v p g T mθ ϕ= ⋅ − ⋅ + ⋅ ⋅ +  (16) 
 (sin tan ) (cos tan )p q rψ ϕ θ ϕ θ= + ⋅ ⋅ + ⋅ ⋅   
 (cos ) (sin )q rθ ϕ ϕ= ⋅ − ⋅   
 (sin / cos ) (cos / cos )q rϕ ϕ θ ϕ θ= ⋅ + ⋅  (17) 
 a bp L a L b= ⋅ + ⋅   
 a bq M a M b= ⋅ + ⋅   
 r col col ped pedr N r N Nδ δ= ⋅ + ⋅ + ⋅  (18) 
 / ( / ) ( / )lat lat lon lona q a A Aτ τ δ τ δ= − − + ⋅ + ⋅   
 / ( / ) ( / )lat lat lon lonb p b B Bτ τ δ τ δ= − − + ⋅ + ⋅  (19) 
 / w col colT m Z w Z gδ= ⋅ + ⋅ −  (20) 
where , ,x y z  are position along ground axis; , ,u v w  are velocities along body axis; 
, ,ψ θ ϕ  are Euler angles; , ,p q r   are angular rates; ,a b  are flapping angles. The 
inputs are lateral cyclic ( latδ ), longitudinal cyclic ( lonδ ), tail rotor ( pedδ ), and main 
rotor ( colδ ). Coefficients for this model are shown in Table I. This identified model has 
successfully served the development of a model predictive controller for helicopter 
autonomous flight (Liu, 2010b). 
Table I here 
3.2. Experiment setup 
Figure 7 here 
Due to the limited payload of Trex-250 helicopter the use of onboard controller 
hardware was impractical. Instead, the helicopter was controlled by a desktop PC 
connected to a standard radio transmitter. To provide feedback for the controller, a Vicon 
Motion Capture system was used. This system includes eight cameras (Figure.7) that can 
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cover a test volume of 5m×4.5m×2m allowing enough room for Trex-250 maneuvering. 
With the knowledge of the relative positions of each camera and reflective ball attached 
to helicopter (Figure.6), Vicon system can determine the position and orientation of the 
helicopter. Furthermore, the parameter values of , ,p q r  are estimated by Simulink block 
with orientation information. 
3.3. Control system design 
This paper presented here is an extension of work in Fu et al. (2011a) with an 
emphasis on chattering behaviour and approaching quality. Hence, the same cascade 
control structure in the previous paper is utilized here. The different point is that 
chattering-free UAS-SMC controllers are used here to replace the SMC controllers in Fu 
et al. (2011a). Here is the detail: 
The control structure proposed in this paper is mainly based on the nested three loops 
architecture (Figure 8) in Dale et al. (2006). But some modifications are made because of 
the practical conditions. The flapping angles ,a b  are immeasurable for Vicon system. 
Since the system in Equation (1) is a special system with the number of control input 
equal with that of states, the subsystems which have the similar property are expected in 
the architecture. Therefore, the attitude loop (Figure 9) is divided into three different 
loops which are Euler angle loop (Equation 17); angular rate loop (Equation 18); and 
rotor dynamic loop (Equation 19). In general, the architecture is composed of five loops 
as show in Figure 8 and Figure 9. 
Figure 8 here 
Figure 9 here 
3.4. Position Loop 
Since the design process for a whole control system in Trex-250 is too complex to 
show in this paper, position loop is used as an example to explain the design process with 
chattering-free UAS-SMC. The position loop is shown in Figure 10. Equations for this 
loop are given in Equation (15). In this subsystem, positions , ,x y z are given as states; 
velocities , ,ref ref refu v w  are given as control input. It means that the designed controller 
should send the reference velocities , ,ref ref refu v w to next loop.  
Figure 10 here 
To avoid the complexity, formula ( ) ( )X f X g X U= + ⋅ is used to replace the 
Equation (15) where [ ], , , , , TT ref ref refX x y z U u v w = =   , [ ]( ) 0,0,0
Tf X =  
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cos cos sin sin cos cos sin
( ) cos sin sin sin sin cos cos
sin sin cos
cos sin cos sin sin
cos sin sin sin cos
cos cos
g X
θ ψ ϕ θ ψ ϕ ψ
θ ψ ϕ θ ψ ϕ ψ
θ ϕ θ
ϕ θ ψ ϕ ψ
ϕ θ ψ ϕ ψ
ϕ θ
−
= +
 −
+ 
− 

 
The chattering-free UAS-SMC equations for position loop in Trex-250 helicopter are 
given as follow: 
From Equation (9), it is noted that the chattering-free UAS-SMC controller is 
expressed as 
 1 1 11 1 2( )( ( ) )U g X f X N X
− − −= − +Ω ⋅ −Ω ⋅Ω ⋅  (21) 
where [ ]1 11 21 31 2 12 22 32 1 2 3{ , , }, { , , }, , ,
Tdiag diag N N N Nω ω ω ω ω ωΩ = Ω = =  
The item N is the chattering-free robust function, 1 2 30, 0, 0N N N≥ ≥ ≥  
Coefficients 21 22 2 31 32 3, , , , ,N Nω ω ω ω used in ,y z channel are same with the 
coefficients 11 12 1, , Nω ω in x  channel. Hence, only x channel is discussed here. The 
switching surfaces for x channel are expressed as 
 11 210.7 ; 1.2S x x S x x= + = +∫ ∫  (22) 
Table II here 
Current unidirectional auxiliary surface 1H for x  channel is expressed as follow 
 1 11 12 1H x x Mω ω= + +∫  (23) 
where coefficients are shown in Table II. The chattering-free approaching law 1N should 
be the key point to guarantee the continuity of control. The formula for 1N is designed as 
follow: 
 
01
11
1
21
31
( ) .0
( ) .1
( ) .2
( ) .3
i
i
i
i
N x when x in No subsapce
N x when x in No subsapce
N
N x when x in No subsapce
N x when x in No subsapce


= 


 (24) 
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where  
01 01 01
01
01 01 01
( ) 0, 0
( ) 0.1 ( ) 0, 0
( ) 0, 0
N x x x x
N x x x x x
N x x x x
λ λ
λ λ
− − − −
+ + − +
 ⋅ + + < ≥

= ⋅ + < <

 ⋅ + + ≥ <
∫ ∫
∫ ∫
∫ ∫  
11 11 11 11 11( )N x N Nλ λ+ + − −= ⋅ + ⋅
 
21 21 21 21 21( )N x N Nλ λ+ + − −= ⋅ + ⋅
 
31 31 31
31
31 31 31
( ) 0, 0
( ) 0.1 ( ) 0, 0
( ) 0, 0
N x x x x
N x x x x x
N x x x x
λ λ
λ λ
+ + − +
− − − −
 ⋅ + + < ≥

= ⋅ + ≥ ≥

 ⋅ + + ≥ <
∫ ∫
∫ ∫
∫ ∫  
01 01 01/ (0.7 ) , 1 ,x xλ λ λ− − − −= = −∫ 01 01 01(1.2 ) / , 1x xλ λ λ+ − + += = −∫
 11 11 11
1 ( / 0.7) / 0.5 , 1x xλ λ λ+ − += − − = −∫
 21 21 21
1 ( / 0.7) / 0.5 , 1x xλ λ λ+ − += − − = −∫
 31 31 31
(1.2 ) / , 1 ,x xλ λ λ+ − + += = −∫ 31 31 31/ (0.7 ) , 1x xλ λ λ− − − −= = −∫
 
01 11 11 310.2 , 0.152 , 0.328 , 0.2N x N x N x N x+ − + −= = = =  
21 31 01 210.152 , 0.2 , 0.2 , 0.328N x N x N x N x− + − += − = − = − = −  
The gradients of switching surfaces 11 21,S S is used to design the transformed 
weights  
01 01 01 01 11 11 21 21 31 31 31 31, , , , , , , , , , ,λ λ λ λ λ λ λ λ λ λ λ λ− − − + − + + − + − + − + − − −  
These weights are used to guarantee the continuity of function 
01 11 21 31( ), ( ), ( ), ( )N x N x N x N x  and robust value 01 11 11 31, , ,N N N N+ − + − 21 ,N −    
31 01 21, ,N N N+ − +  on the switching surfaces.  Notice that the previous approaching law 
1N is not a unique form for chattering –free sliding mode. Every function 1 0N ≥
satisfied Equation (14) can be used to design a chattering-free control.  
The chattering-free approaching law and coefficients for channel y  and z  can be 
designed in the same way. The design process for other loops except the rotor dynamic 
loop in Figure 8 would be same as in position loop.  
4.  Analysis And Experiment Results 
Figure 11 here 
The performance of Trex-250 while tracking the reference yaw angle from 0 rad to 2π rad 
is shown in Figure 11. A spinning activity would be done by the Trex-250 helicopter 
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under this reference signal. During this spinning activity, the helicopter was suffering the 
internal and external disturbance. Hence, it should be a good way to test the approaching 
quality of UAS-SMC and SMC strategies. 
The position performance of Trex-250 is shown in Figure 12~14. The European 
coordinate system is used in this paper. Therefore, it is positive downwards for Z 
direction. There are two vertical lines annotated in Figure 12 and Figure 13. The left 
vertical line indicates that the helicopter is taking off at 20 seconds. And the right vertical 
line corresponds to the time when helicopter starts to spin. 
Figure 12 here 
From Figure 12, it is noted that helicopter is suffering an error up to -0.2m~+0.25m 
with conventional SMC control while spinning. This is because that the approaching law 
, 1, ,iN i n=  are zero on the switching surfaces iS for conventional SMC as shown in 
Figure 2. Hence, the helicopter shows a side –to-side oscillation. The error of UAS-SMC 
appears much smaller than the error of SMC. There also does not exist an obvious 
oscillation for UAS-SMC as shown in Figure 12. This is because the approaching law is 
not zero on the switching surface for chattering-free UAS-SMC as shown in Figure 5. 
Hence, the UAS-SMC demonstrates a better approaching quality than the conventional 
SMC method. 
A drifting phenomenon can be found for the UAS-SMC strategy when the helicopter 
starts to take off. This is a normal phenomenon caused by the ground effect and the sit 
angle of Trex-250. Actually, it can be alleviated by a well-tuned UAS-SMC controller. 
Figure 13 here 
Figure 14 here 
A similar performance for y direction of SMC and UAS-SMC is shown in Figure 12. 
The UAS-SMC controller shows better approaching quality than the SMC controller. 
Since the spinning activity is happened in the ,x y direction, the z direction of Trex-
250 surfers less disturbance. The performance of UAS-SMC method in Figure 14 is 
similar with the performance of SMC strategy. The final reference signal for z direction 
is 0.2m as given in Figure 14. Based on the past experiments, helicopter would hover at 
about -0.1m when the reference signal is 0m. Because of the ground effect, the lift of 
helicopter is higher than what we expected. Hence, helicopter should be forced to land 
down by 0.2m reference signal. 
 
5. Conclusion  
The performance for a newly proposed chattering-free UAS-SMC controller  is evaluated 
and experimentally tested on a TRex 250 helicopter in this paper. After introducing this 
chattering free sliding model control scheme, its robustness and approaching property has 
been analysed. This new control scheme is implemented on a small scale autonomous 
helicopter. A cascade structure is adopted to divide the flight control design for the 
helicopter into five interconnected loops, and for each loop, the corresponding controller 
is designed using the UAS-SMC method. For the purpose of the comparison, the 
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conventional SMC is also implemented on the helicopter. Experimental results show that 
a much improved performance has been achieved by the UAS-SMC.      
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Table I.  Coefficients for Mathematical helicopter. 
Parameter Identified  value Parameter Identified value 
Xu -0.233 Yv -0.329 
Zw -0.878   
La 83.98 Lb 745.67 
Ma 555.52 Mb 11.03 
т 0.045 Nr -23.98 
Alat 0.196 Alon 1.945 
Blat 2.120 Blon -0.38 
Zcol -5.71   
Ncol 8.89 Nped 113.65 
 
 
Table II.  Coefficients for the x channel in position loop. 
11ω  12ω  M1 Switching surfaces 
1 1 1 1 20, 0x xS S< <  
-0.44 -0.2 1 1 20, 0x xS S< ≥  
0.44 0.2 1 1 20, 0x xS S≥ <  
-1 -1 1 1 20, 0x xS S≥ ≥  
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Figure. 1.  Conventional sliding mode 
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Figure. 2.  Approaching quality iN in the conventional chattering-free sliding mode control 
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Figure. 3.  UAS-SMC 
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Figure. 4.  Robust function in UAS-SMC 
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Figure. 5.  Approaching quality iN in chattering-free UAS-SMC 
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Figure. 6.  Trex-250 Helicopter 
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Figure. 7.  Flight Test Environment 
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Figure. 8.  Nested Loops 
Jian Fu 
 
24 
 
 
 
  
 
3
Flapping angle ref
2
ped
1
Lat, Lon
Flapping angle ref
p,q,r
Lat, Lon
Rotor dynamic Loop
Euler angle ref
Phi Theta Psi
Angular rate ref
Euler Angle Loop
Angular rate ref
p,q,r
col
Flapping angle ref
Ped
Angular rate Loop4
col
3
p,q,r
2
Phi Theta Psi
1
Euler angle ref
 
 
Figure. 9.  Architecture of Attitude Loop 
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Figure. 10.  Position Loop 
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Figure. 11.  Tracking the reference ψ  
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Figure. 12.  x Direction response of SMC and UAS-SMC 
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Figure. 13.  y Direction response of SMC and UAS-SMC 
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Figure. 14.  z Direction response of SMC and UAS-SMC 
